operates through biotic interactions. Such control implies that consumers can regulate their prey and potentially release producers at alternating trophic levels (i.e., the "world is green" or HSS [Hairston, Smith, and Slobodkin] hypothesis; Hairston et al. 1960 , Slobodkin et al. 1967 .
On the other hand, producers may be strongly limited by available resources (e.g., nutrients, water) and, in turn, may restrict their consumers. In such cases, control is bottom-up and caused primarily by abiotic factors (Hunter and Price 1992) . A variant of the idea of bottom-up control is that there is a minimum threshold of productivity above which the relationship between consumers and resources covaries as productivity increases (the exploitation ecosystems hypothesis; Oksanen et al. 1981, Oksanen and Oksanen 2000) .
The relative influence of top-down and bottom-up factors varies geographically (e.g., Oksanen 1988) . We also argue that their relative importance may vary over time within the same system (e.g., Meserve et. al. 1999 Meserve et. al. , 2001 ). Arid and semiarid regions that are subjected to strong interannual variation in rainfall, such as that resulting from El Niño Southern Oscillation (ENSO), appear to be a case where top-down and bottom-up control can shift abruptly between years. In arid and semiarid western South America, the majority of time is characterized by non-ENSO periods when low, highly seasonal rainfall limits productivity. These periods correspond to Oksanen's (1988) "white ecosystems" in which control is predominantly bottom-up; interspecific competition may also be particularly severe. However, when unusual high rainfall occurs during ENSO years, increased plant productivity appears to release consumers and, in turn, their predators. The world becomes much "greener" (Polis 1999) , and top-down control becomes more important as consumer groups increase dramatically and biotic interactions become more pervasive. Further, there may be immigration of groups that are normally absent from the system. These events also involve spatial and temporal subsidies (sensu Polis et al. 1996 Polis et al. , 1997 and demonstrate the importance of pulsed resources (sensu Ostfeld and Keesing 2000) . Such systems are particularly informative in attempting to understand the nature of community relationships and the significance of spatial and temporal scale (Karr 1992 , Polis et al. 1997 , Holmgren et al. 2001 ).
Long-term field studies and experimental manipulations are particularly important for understanding the interaction of biotic and abiotic factors in semiarid or arid systems, because population densities often are low, and abiotic events such as ENSO (and intervening La Niñas characterized by extreme drought) occur at long temporal scales (about 2 to 7 years; Jaksic 2001 ). Yet most field studies, especially experimental manipulations, are short-term in duration and occur at small spatial scales (Sih et al. 1985) . Spatial scale is particularly important when there is a mosaic of habitats within the landscape providing crucial refuges for species that are not adapted to arid environments. Without replicated field experiments over large spatial and temporal scales, it is difficult to identify and separate the varying role of biotic interactions such as competition, herbivory, and predation against a background of changing environmental conditions. Large-scale studies offer opportunities for integrating information from different organizational levels (Levin 1992) , as well as examples of slow phenomena, rare events, and subtle but complex processes (Franklin 1989) .
Since 1989, we have conducted a long-term experimental manipulation in a national park (Parque Nacional Bosque Fray Jorge) located in the northern Chilean semiarid zone on the southern edge of the Atacama Desert (figure 1). As in ongoing studies of North American deserts, such as Brown's seminal work in southeastern Arizona (e.g., Brown 1998, Brown and Ernest 2002) , we used a multifactorial approach to examine the role of important consumer groups, including vertebrate predators and small mammalian herbivores. At the same time, we monitored major system changes during three ENSO high rainfall events in 1991-1992, 1997, and 2000-2001 . The techniques we employed included (a) monthly live trapping on permanent, replicated grids for small mammals with mark-and-release techniques; (b) long-term experimental manipulations involving exclusions of putative competitors, herbivores, or predators for up to 13 years; (c) detailed measurements of the plant community within manipulated grids with and without herbivores or predators; (d) inventories of small-mammal populations in other habitats using supplemental grids; and (e) food addition experiments to assess effects during and after the 1997 ENSO on the principal small-mammal species.
The ecological setting
Parque Nacional Bosque Fray Jorge (henceforth "Fray Jorge"), a World Biosphere Reserve, is located near the coast in the north-central Chilean semiarid zone in the Norte Chico (71˚40' W, 30˚38' S; Region IV, 85 kilometers [km] south of La Serena and 385 km north of Santiago) at the transition between the central mediterranean region and the hyperarid Atacama Desert to the north (figure 1). Much of the Norte Chico has been severely affected by clearing, overgrazing, and neglect, and it has become highly desertified (Bahre 1979) . However, because this 10,000-hectare park has been protected from grazing and disturbance since 1941, it contains one of the largest areas of undisturbed semiarid vegetation in coastal north-central Chile. In addition to the remnant fog forests on coastal ridges that lend the park its name, the vegetation is predominantly semiarid thorn scrub vegetation (figure 2). Most of the perennial shrubs are spiny, and most are evergreen or drought-deciduous; major species include Porlieria chilensis (guayacán), Proustia pungens, and Adesmia bedwellii, forming a characteristic plant association found in most of the park. These species represent elements from the mediterranean scrub zone to the south and from the Monte Desert on the opposite side of the Andes in Argentina (Solbrig 1976 (1991, 1992, 1997, 2000, and 2001) . Over the same period, seed density varied from 4010 to 40,500 seeds per square meter (m 2 ), peaking in 1991 and 1992 and decreasing until 1997; density dropped again after 2000 (figure 3). Although the seed densities we measured were considerably greater than those previously recorded in a post-ENSO year (1974; Meserve 1981a) , they were similar to those for southwestern deserts in North America (Kemp 1989) . On the other hand, perennial shrub cover varied only between 50.9% and 64.4% over the 13 years of the study (figure 3), and these values are similar to those reported for the past 50 years.
In 13 years of work in Fray Jorge, only 10 species of native small mammals were recorded; of these, all but 2 had already been encountered during earlier work in 1972 -1974 (Meserve 1981b ). This number is considerably smaller than the 24 species from 22 years of work at a Chihuahuan Desert site near Portal, southeastern Arizona (Valone and Brown 1996) . The more depauperate small-mammal assemblage in Fray Jorge seems to be related to lower between-habitat (beta) diversities, with the same species occurring in many different habitats elsewhere in Chile (Cody et al. 1977) . Also, the regional taxonomic species pool is smaller, contributing to reduced opportunities for local isolation and speciation (Kelt et al. 1996) .
Unlike North American small desert mammal assemblages, however, the Fray Jorge assemblage includes an important component (N = 4 species) of histricognath rodents, ranging from about 100 grams (g) to more than 300 g. The most important are the squirrel-sized degu (Octodon degus) and the larger chinchilla rat (Abrocoma bennetti), both herbivorous. Among five species of sigmodontine rodents (New World rats and mice) are the granivorous long-tailed rice rat (Oligoryzomys longicaudatus), the insectivorous long-haired grass mouse (Abrothrix longipilis), the herbivorous-granivorous Darwin's leaf-eared mouse (Phyllotis darwini), and the omnivorous olive grass mouse (Akodon olivaceus). Finally, there is a small insectivorous marsupial, the elegant mouse opossum (Thylamys elegans), in the same family (Didelphidae) as the Virginia opossum.
Although the Fray Jorge small-mammal assemblage lacks a diverse group of highly specialized granivores such as the heteromyid rodents typical of North American deserts, it has a more even distribution of trophic types (figure 4; Meserve 1981a). It also shows a wider range of body sizes (from about 15 g to more than 300 g) typical of Chilean mediterranean small-mammal assemblages, whereas, for 
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Seed density (thousands of seeds per square meter) example, Chihuahuan Desert body sizes range from less than 10 g to about 200 g (Valone and Brown 1996) . Finally, Chilean small mammals generally avoid activity in open habitats, whereas some species in North American mediterranean scrub zones and deserts utilize open, sandy habitats with low shrub cover Meserve 1982, Meserve 1981a) .
The vertebrate predator guild in Fray Jorge includes diurnal raptors (black-chested buzzard-eagle, Geranoaetus melanoleucus; bay-winged hawk [Harris's hawk], Parabuteo unicinctus; red-backed hawk, Buteo polyosoma), owls (barn owl, Tyto alba; great horned owl, Bubo virginianus; burrowing owl, Speotyto cunicularia; austral pygmy-owl, Glaucidium nanum), and the culpeo fox (Pseudalopex culpaeus) ). In addition, there are two snakes and a predatory lizard. Predator numbers are unusually high because of the undisturbed semiarid habitat and the absence of hunting and trapping, which are common elsewhere in north-central Chile.
The evolution of a long-term field manipulation
Long-term studies of arid and semiarid small-mammal assemblages in North America have emphasized the importance of biotic interactions, including competition and herbivory or granivory (e.g., Brown and Munger 1985 , Brown et al. 1986 , Valone and Brown 1996 , Brown 1998 . Elsewhere, experimental evidence implicated an important role for predation (e.g., Kotler 1984 , Brown 1989 . Therefore, in 1989, we initiated a large-scale experimental study in which vertebrate predators (raptors, foxes) and larger herbivorous smallmammal competitors (degu) were selectively excluded from fenced grids in an interior valley (Quebrada de las Vacas) of Fray Jorge (figure 5). General features of the setup (see Meserve et al. 1995 , 1999 ) included replicated 75-meter (m) x 75 m (0.56 hectare) live trapping grids (each with 5 x 5 trap stations spaced 15 m apart and two live traps per station) located in an approximately 2-squarekilometer area of the valley (central grid complex). Control grids are enclosed by fences about 0.6 m high, with mesh 2.5 centimeters (cm) in diameter. We cut openings (5 cm diameter) in the fencing to provide access to larger small mammals; the degu exclusions lacked these openings. Predator exclusions had fences approximately 1.8 m high, fitted with overhangs, and polyethylene netting (mesh diameter = 15 cm) suspended overhead (figure 6). Treatments were replicated (four each) and crossed to examine potential interactions among biotic factors such as predation, herbivory, and competition. Thus, some degu exclusion grids also excluded predators, while others allowed predators access; the converse was true of predator exclusion grids. In 1995, we initiated live trapping every 3 to 6 months on a series of unfenced supplemental grids located in other habitats around the central grid complex, including dry river bottoms and upland areas (quebrada); mesic vegetation with standing or subsurface water (aguada); and fog forest on the coastal ridge (600 m elevation) to the west (figure 5). Finally, in 1997 we started food addition experiments on four new live-trap grids that lacked fencing outside the central grid complex (figure 5). Pellets were provided ad lib in polyvinyl chloride containers designed to exclude rabbits and birds, and monthly consumption was measured.
Our monitoring procedures for small mammals included live trapping for 4 nights (and intervening days) per month, mark-and-release live trapping (using ear tags or leg bands) with larger Sherman-type traps, and enumeration of small mammals on all live-trap grids and treatments. Except for degus, 80% to 100% of individuals known to be alive were caught during each census. We monitored plant responses with various techniques, including frequency counts of shrubs along permanent line transects in each grid every 3 months (or monthly during the ephemeral growing season). We collected random soil samples every 3 months (20 cylindrical samples per grid, 3 cm in diameter and 5 cm deep, or about 35.35 cubic centimeters each) and separated and identified the seeds with a reference key. We monitored the activity and occurrence of predators with monthly olfactory lines and direct observations. Diets were determined by dissecting the fox scats and owl pellets that we collected monthly from the site; prey items were identified in the laboratory using keys.
We analyzed our data using results from the periodic field censuses and inventories. For small mammals, we used estimates of minimum number known alive (Meserve et al. 1995 (Meserve et al. , 1996 (Meserve et al. , 1999 ; for plants, we used percentage of cover (angular transformed) and seed densities. Because of variable ephemeral growing season length, we centered analysis periods on peak values within years to balance between-year comparisons . Plant densities and biomass (log transformed) were also compared (Gutiérrez and Meserve 2000) . Statistical analyses were conducted with repeated-measures analysis of variance (PROC GLM and PROC MIXED; SAS). In addition, we examined other demographic parameters of small mammals, such as survival, reproduction, and body weight. For this 2 x 2 factorial experiment, grids are the replicates, and the two treatments are for (1) competition-herbivory (degu access or degu exclusion grids) and (2) predation (predator access or predator exclusion grids). We examined interactions between these factors as well as their change over time. No significant differences between treatments were found before the start of the experiment (for small mammals, March-May 1989; for plants, 1989).
Biotic interactions: Part of the story
Of the three major biotic interactions examined here, predation had the most pervasive effects. However, only some small-mammal species showed significant effects, and these varied in intensity over time. For example, although predation had nonsignificant effects overall on degus (P < 0.10), a posteriori tests showed significant predation effects in pre- ENSO and ENSO periods (1990 -1991 , 1999 -2000 ; P < 0.05 [ figure 7 ; Meserve et al. 1996 , 1999 , Milstead 2000 ). Degu survivorship was significantly greater on predator exclusion grids than on predator access grids (Meserve et al. 1996 (Meserve et al. , 1999 . Whereas highly significant effects were found for predation on numbers of Ph. darwini overall (P < 0.001), the magnitude of this effect was small (figure 7). Other species (e.g., Ak. olivaceus and Ol. longicaudatus; figure 7) have shown no effects of predation over 13 years of manipulations (Meserve et al. 1996 , 1999 , Milstead 2000 . O. degus, Ph. darwini, and Ab. bennetti were important components of owl and fox diets . Predators showed delayed numerical responses to changes in prey abundance, and thus their responses to large increases or decreases of small mammals had time lags . During prolonged drought periods, foxes and some owls became relatively omnivorous, with increased importance of insects (for smaller owls) and of seeds and fruits (for foxes).
There has been little evidence of negative effects of interspecific competition by O. degus on other small-mammal species. A few marginally significant positive responses to degu exclusions were found (e.g., on Ab. bennetti during ENSO and post-ENSO periods [P < 0.06] and on Ol. longicaudatus overall [P = 0.014]; Meserve et al. 1996 Meserve et al. , 1999 . On the other hand, Ph. darwini had a significant negative response to degu exclusions overall (P < 0.05 ; Milstead 2000) , indicating that Ph. darwini numbers were actually higher in grids with degus. Perhaps more intriguing were the behavioral responses to predation and competition demonstrated by various species. For example, degus showed greater use of open areas and more linear movements between shrub patches in predator exclusion grids (Lagos et al. 1995a) . Seed tray studies showed that Ak. olivaceus foraged differently in grids with degus (controls and predator exclusions). Moonlight and vegetation cover also had strong effects on Akodon and degu foraging (Yunger et al. 2002) . Thus, despite few numerical effects, both predation and interspecific competition appeared to affect the behavior of various species in the small-mammal assemblage.
We found relatively limited effects of degu exclusions on the Fray Jorge plant community. Perennial shrub cover showed no significant changes, although shrub diversity increased when degus were excluded Meserve 2000) . A few species showed greater cover in degu exclusion grids (e.g., Baccharis paniculata) or in predator exclusion grids (e.g., Pr. pungens). Some suggestive interactions included time × predator × herbivore for Chenopodium petiolare, a semievergreen perennial with higher cover in degu exclusion grids and an important food for degu (Meserve 1981a) . Ephemerals showed no significant main treatment effects on cover or diversity, but their total biomass was significantly higher in degu and predator access grids (Gutiérrez and Meserve 2000) . Thus, contrary to expectation, degus appeared to promote increases in the biomass of ephemerals, perhaps through indirect activities. Widespread, adventitious herbs such as Erodium species may be enhanced by degu digging and runway development, which open up areas under bushes. Similarly, seed densities of all annuals were higher in degu access grids, as were those of some species such as Erodium species and M. pinnatifida ).
Abiotic effects: The rest of the story
In contrast to their somewhat tepid responses to biotic manipulations, plants and small mammals in Fray Jorge were dramatically influenced by abiotic factors. Although perennial shrub cover remained virtually constant, ephemeral plant cover had large increases during high rainfall years; seed densities responded less predictably but generally showed increases during and following ENSO-related high rainfall events (figure 3). The small-mammal assemblage on our experimental grids demonstrated a similar, highly responsive pattern. Over 13 years, species richness oscillated from as many as 10 species, during and immediately after high rainfall years, to as few as one (either O. degus, Ph. darwini, or T. elegans) . The mean number of species and the species diversity varied dramatically ( figure 8) . Similarly, the total numbers and biomass of small mammals varied more than 2 or 3 orders of magnitude, respectively, between wet and dry years (figure 9). Individual species showed marked differences in their responses to such events. O. degus showed variable delays in population increases after rainfall events (figure 7); its numbers did not peak until almost 2 years after the 1991-1992 ENSO, whereas its response was much more rapid in 1997 and 2000 (figure 7). Sigmodontine rodents such as Ak. olivaceus and Ph. darwini had the largest magnitude responses within 2 to 5 months of high rainfall events (figure 7). Other sigmodontines, such as Ol. longicaudatus, had protracted or sporadic increases related to such events (figure 7). Only one species (T. elegans) failed to show strong consistent responses to rainfall events. 
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The role of spatial dynamics and food Given the fluctuations in actual numbers of small-mammal species observed, we examined why local community membership varied so widely between and within years. We identified two groups of species based on their residency patterns. Core species such as O. degus, Ph. darwini, and T. elegans were almost always present in the thorn scrub and bred in that habitat (Meserve et al. 1999) . Even during prolonged droughts, they appeared to maintain viable populations either through long life spans and colonial habits (e.g., O. degus, which may forgo reproduction in dry years) or through specific adaptations for survival in xeric situations (e.g., Ph. darwini and T. elegans). A fourth species, Ak. olivaceus, was able to persist at very low levels in the thorn scrub in dry years and exhibited explosive increases in ENSO years; hence, it was termed a quasi core species. Other species disappeared from the thorn scrub for varying lengths of time, particularly in dry years. Trapping in both dry and wet years revealed their persistence and breeding on supplemental grids in peripheral habitats. These species included Ab. longipilis in the fog forest and Ol. longicaudatus in aguadas. Neither of these species was permanently resident in the thorn scrub, and new populations were founded there by immigration during wet years; therefore, we termed them opportunistic species (Meserve et al. 1999 ). Other, rarer species such as Ab. bennetti and Octadon lunatus (a larger octodontid rodent similar to O. degus) also occurred and bred in aguadas; both species occurred intermittently in the thorn scrub and were important prey for predators ). Thus, the thorn scrub assemblage in Fray Jorge combines elements of both resident (core and quasi core) and immigrant (opportunistic) species, which explains much of the dramatic variability in small-mammal assemblage membership between wet and dry years.
The increase in small-mammal populations during and after ENSO events may reflect increased availability of food. An alternative explanation, however, is that increased precipitation leads to lower water stress in relatively xeric environments. According to this hypothesis, species that have limited water-independence, such as Ol. longicaudatus and Ab. longipilis, can expand from aguadas and fog forest, respectively, during wet years because the thorn scrub habitat is less Years stressful then. Of course, it is also likely that food availability and water stress interact. To address the first issue, we used the food addition results from the grids located in thorn scrub but peripheral to the central grid complex (see figure 5 ; Meserve et al. 2001) . Trends from 1997 through 2001 were clear-cut. Herbivorous to omnivorous core or quasi core species such as O. degus, Ph. darwini, and Ak. olivaceus responded strongly to rabbit pellet additions, particularly in non-ENSO years (figure 10). In 1997 and early 1998 (after the 1997 ENSO) there were no significant responses by these three species to pellet additions, but beginning in spring 1998 (September-November) we observed consistent numerical increases of these species over levels observed in non-food addition (control) grids. By comparing the amount of energy consumed in food addition grids and the amount represented by increases in biomass of positively responding species, we determined that immigration was an important factor in these large increases. Individuals of all three species were significantly heavier in food addition grids, and increased reproduction occurred in O. degus. Interestingly, food additions did not prevent the eventual decline of these species in 1999, suggesting the role of larger-scale spatial processes in maintaining their populations. Numbers rebounded in 2000 until the effects of high rainfall began to influence background food levels again later that year (figure 10). Unsurprisingly, insectivorous and granivorous species (Ab. longipilis, Ol. longicaudatus) showed no response to pellet additions; these species also are opportunistic. On the other hand, T. elegans had significantly lower numbers in food addition grids much of the time, suggesting active interference by taxa that responded positively to food additions (figure 10).
Patterns and contrasts
Results from our site in Chile paint a different picture of community dynamics than those of other long-term experimental studies in arid or semiarid systems. We focus particularly on comparisons with the results of J. H. Brown and his colleagues in the Chihuahuan Desert at Portal, Arizona, where data have been collected for more than 22 years, using a similar experimental design (e.g., Valone and Brown 1996 , Brown 1998 , Brown and Ernest 2002 . Whereas biotic interactions among small mammals at Portal seem pervasive and long-term, those at Fray Jorge seem transitory, and important only for some species. For example, interspecific competition is clearly important, persistent, and long term in granivorous heteromyid and sigmodontine rodents at Portal Brown 1981, Valone and . In contrast, herbivorous to omnivorous sigmodontines at Fray Jorge show little importance of interspecific competition, at least for food resources. Experimental exclusions of a larger smallmammal herbivore (O. degus) resulted in only weak responses by most of the remaining species. The trophic structure of small mammals in Fray Jorge and central Chilean mediterranean sites is unusual in that typically only one member of each dietary guild is locally common; the second member of the same guild is usually rare or only sporadically common, except in years of high resource abundance (e.g., Ol. longicaudatus during and immediately after ENSO events). 
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Years milligram), whereas those at Portal showed a much broader array of both small and large seeds (Brown et al. 1986, Gutiérrez and Meserve 2003) . Although seeds were taken opportunistically by most species in foraging experiments in Fray Jorge (Yunger et al. 2002, Kelt et al. forthcoming) , the presence of only one specialized granivore (Ol. longicaudatus) and its characteristically sporadic population dynamics (see figure 7) suggest that it is unable to successfully and consistently exploit the spectrum of seed sizes available here.
Interestingly, cases of strong interspecific competition documented to date with the experimental manipulations at Fray Jorge were between pairs of species that are not trophically similar, thus implying direct interference competition (e.g., O. degus with Ak. olivaceus [Meserve et al. 1996 , Milstead 2000 , O. degus and other species with T. elegans [Meserve et al. 2001] , and O. degus with Ol. longicaudatus). Given the strong preference of most species for high-cover habitats, a logical limiting resource could be burrow or nest sites under shrub patches. This could argue either for a greater indirect role of predation or for thermal refuges in the system (Meserve 1981b , Glanz and Meserve 1982 , Lagos et al. 1995b .
The influence of predation on smallmammal behavior seems equally evident in both North American and South American arid or semiarid sites (e.g., Kotler 1984 , Brown 1989 , Lagos et al. 1995a . However, it is unclear whether predation directly limits the number of small mammals in Portal. At Fray Jorge, predation has strong effects on the number and behavior of some small-mammal species, but these effects are not persistent or constant over time. Rather, the strength of predation seems to vary by year and to depend on predator numbers, which in turn exhibit delayed responses to overall prey abundance during and after ENSO events (Meserve et al. 1996 , 1999 . Many small-mammal species at Fray Jorge are unaffected by predator exclusions and are absent or underrepresented in predator diets . Thus, predation is a fluctuating biotic interaction at Fray Jorge, with strong effects only on some assemblage members and only at some times.
Perhaps the most striking difference between Fray Jorge and Portal is the evidence for strong herbivore and granivore effects on vegetation at the latter site. In Portal, exclusions of small granivorous mammals such as kangaroo rats and pocket mice resulted in dramatic changes in the vegetation, particularly in the herbaceous components, in as little as 9 years (Brown et al. 1986, Brown and Heske 1990) . Over longer periods, increased grass cover and larger, more contiguous vegetation patches were evident (Curtin et al. 2000) . These changes were preceded by increased seed densities in as little as 1 year after granivore exclusions (Brown et al. 1986 ). This result contrasts with the weak negative or even positive effects of degu herbivory on the Fray Jorge ephemeral community. Although granivores might be expected to have stronger effects on plants-particularly on annual species-because they consume propagules, the lack of strong negative effects of larger rodent herbivores on plant resources in Chile suggests that plants there were more strongly limited by abiotic factors, including precipitation and nutrients. In 2002, however, we detected strong effects of excluding small mammals other than degus on an important ephemeral, Pl. hispidula, suggesting that smaller rodent herbivores may indeed have important effects on the plant community.
Large changes in the number and variety of small mammals at Portal have occurred over relatively long periods of time, especially for the heteromyid rodents. There have been important climatic changes in the southwestern United States over the past 23 years, principally as a result of increasing mean annual precipitation and more frequent attenuated ENSO events (Valone and Brown 1996) . These changes have had important consequences for plant cover and composition at Portal, as reflected primarily by increased woody shrub density (Curtin et al. 2000) . At the same time, the structure of smallmammal assemblages at Portal has gradually changed. Species that were once common there have now disappeared (e.g., Dipodomys spectabilis), whereas others, previously absent, are now captured at least occasionally (e.g., Sigmodon hispidus; Heske 1990, Valone and . One heteromyid species, Chaetodipus baileyi, invaded this system after nearly 20 years, with profound implications for its energy flow and community dynamics (Ernest and Brown 2001a) . Although many small-mammal responses to environmental events over more than 20 years were positive, indicating an important role for precipitation here and elsewhere in the Southwest (Ernest et al. 2000) , the magnitude of those increases was relatively small, and there were conspicuous time lags in the responses of some species (Brown and Zeng 1989) . Only a few increases in species in response to ENSO events were more than an order of magnitude, and most of these involved sigmodontine rodents Heske 1990, Valone and . As a result of these heterogenous responses, correlations between total rodent abundance and precipitation were relatively weak (correlation coefficients ranging from about 0.3 to less than 0.1; Brown and Ernest 2002) . Finally, the rodent community maintained relatively stable levels of species richness, total abundance, biomass, and energy use in Portal (Ernest and Brown 2001b) .
In marked contrast, the composition of the Fray Jorge small-mammal assemblage has remained stable over more than 30 years. Only the presence or absence of opportunistic species has varied between years. On the other hand, demographic and biomass fluctuations spanned 2 to 3 orders of magnitude within a short time after each ENSO event (figures 8, 9). There were typically time lags of about 2 to 5 months between the predominantly winter rainfall (May to October) and the small-mammal increases (figure 7). Correlations between annual precipitation and mean abundance of small-mammals for the control grids over the entire period were much higher in Fray Jorge: between 0.54 and 0.87, depending on whether we used mean abundance from May to April or from November to October. Thus, unlike Portal, Fray Jorge shows a strong relationship between rainfall and small-mammal increases.
Finally, very different results were reported at Portal for food additions (Brown and Munger 1985) . Seed additions had much less than proportional effects on granivorous rodents in the Chihuahuan Desert. In grids that allowed access to all small mammals, the population increases were primarily of a dominant kangaroo rat (D. spectabilis), and total granivore densities were similar even after 5 years (Brown and Munger 1985) . Energetic increases in biomass in response to the addition of millet were estimated to be only 3% of those expected from increased metabolizable energy available to potential consumers (Brown et al. 1986 ). In contrast, in Fray Jorge we found much stronger responses-principally by core species-to food pellet additions, particularly in 1998-1999, a very dry period that followed the 1997 ENSO. It was estimated that increases were about 168 percent of that expected by increased available energy in that year (Meserve et al. 2001) .
A factor that must be considered is that whereas North American arid and semiarid zones have a highly specialized granivorous small-mammal guild (i.e., the heteromyids) and a higher diversity of small mammals, with other species originating in contiguous, more mesic areas, the small-mammal assemblage in Chilean semiarid zones lacks specialized, autochothonus granivores. Instead, it consists of divergent species with wide geographic ranges within Chile that have been able to tolerate the xeric conditions in Fray Jorge. Because the Chilean assemblage is more generalized, assortative processes resulting from strong biotic interactions may have had less impact on its ultimate composition and degree of specialization. The small-mammal assemblage at Fray Jorge is made up of one to two members of each trophic guild (granivore, herbivore, insectivore, and omnivore), which are fairly generalized in adaptations to arid or semiarid environments. The importance of different habitats within the Fray Jorge landscape appears to be central to the regional persistence of some faunal members that have poor ability to survive prolonged droughts in the dominant thorn scrub community. It should be noted, however, that only three small-mammal species have been continuously resident at Portal during 22 years of study, so reinvasion of the desert habitat by species from neighboring habitats (particularly grasslands) may be an important feature of community dynamics there as well.
Further, North American heteromyid rodents demonstrate numerous physiological and behavioral adaptations for survival in a xeric, thermally stressful environment. In contrast, Chilean rodents have relatively few adaptations for low-water environments. Thermoregulatory constraints also play an important role in microhabitat use, because degus are stenothermic and avoid activity in areas of high insolation and ambient temperatures (Lagos et al. 1995b) . Such factors may also influence degus' dietary selection (Torres-Contreras and Bozinovic 1997) . Other small herbivorous rodents, such as Ph. darwini, may be similarly affected (Bozinovic and Simonetti 1992) . Thus, the Fray Jorge small-mammal fauna consists of a relatively generalized assemblage of species that are able to tolerate xeric conditions through a variety of behavioral means rather than through specific physiological or morphological adaptations. Their biogeographic origins are in more temperate central and southern Chile rather than in the hyperarid Atacama Desert to the north.
Although the conspicuous absence of specialized granivores in South American arid zones, especially among small mammals (Mares and Rosenzweig 1978) and ants (Medel and Vásquez 1994, Vásquez et al. 1995) , has been emphasized, an extensive seed bank occurs in arid and semiarid north-central Chile and neighboring Argentina (Marone et al. 2000, Gutiérrez and Meserve 2003) . We recently verified considerable granivory by birds in Fray Jorge, particularly in winter months, when migratory species from southern Chile and from the Andean prepuna and puna overwinter in the park. Further, small mammals were important seed consumers when their numbers were high (Kelt et al. forthcoming) . This suggests that despite the absence of specialized granivorous rodents, there still may be considerable seed consumption in the system, and this should be considered in studies of community dynamics.
These long-term studies suggest that, relative to the importance of abiotic factors, biotic processes such as interspecific competition, predation, and herbivory or granivory play a different role in South American arid or semiarid sites than in those of North America. The lesser importance of biotic interactions at Fray Jorge suggests a greater role of abiotic factors, mainly triggered by ENSO events. Whereas such events have had some effects on North American small-mammal assemblages such as those at Portal, the changes have been relatively slow and long term there, in contrast to the rapid and relatively short-term (1-to 2-year) fluctuations at Fray Jorge. This suggests that resource levels may fluctuate more in South American arid zones, leading to dramatic fluctuations in small-mammal (and plant) populations. Morton and colleagues (1994) posited that the absence of granivores in Australia was partly a consequence of unpredictable annual precipitation and the resulting lack of a dependable seed crop. Kelt and colleagues (1996) found that precipitation totals and coefficients of variation were fairly similar for North American and Australian deserts; however, they were very different for South American deserts, which have generally lower overall precipitation and higher coefficients of variation. If we assume that granivorous rodents should have the strongest effects on large seeds, as in the findings of Brown and colleagues (1986) , the absence of large seeds in the seed bank and the sporadic occurrence of specialized smallmammal granivores in the Fray Jorge system suggest that these rodents are unlikely to exert strong effects on the plant community. Along with the weakly negative or even positive effects of degus on the plant community in Fray Jorge, this suggests that larger rodents have weak depressive effects on the vegetation of this system. Thus, although food additions can induce strong effects on some elements of the small-mammal assemblage, they do not prevent eventual declines that result from larger-scale spatial processes. Other species of small mammals are insectivorous or granivorous; these species are unaffected by augmentation of food provided as pellets.
Density-dependent population regulation was found in studies of Ph. darwini at a semiarid mediterranean site located about 100 km southeast of Fray Jorge (e.g., Lima et al. 1999 ). Although such processes may be important in explaining the dynamics of some species in the Fray Jorge smallmammal assemblage, they occur within a framework of oscillating resource levels that in turn are triggered by densityindependent events (i.e., rainfall). Thus, rainfall appears to set resource levels, and within that context the dynamics of some species, such as Ph. darwini, also may be affected by densitydependent factors. It should be noted, however, that densitydependent regulation does not alter many basic features of small-mammal demography in Fray Jorge-that is, the timing of their increases during and after ENSO events and the invasions of some species into the thorn scrub habitat during wet years.
A paradigm of shifting control
Earlier, we noted contrasting views of top-down versus bottom-up control in ecological communities. We suggest that in the Fray Jorge system, control may shift rapidly between these two states as a result of extrinsic events (figure 11). In prevailing dry (non-ENSO) years, resource-limited conditions lead to strong bottom-up control because of reduced plant productivity, and perhaps reduced seed and insect resources. During wet years, a greater role of biotic interactions becomes evident; as a result of these interactions, consumers have more effects on their resources, and top-down control prevails. In a sense then, ENSO events "reset the clock," and thus prevent either abiotic or biotic factors from exerting continuous control.
However, we caution that this view is still not entirely satisfactory. For example, why do predators exert strong effects immediately before ENSO events as well as during early parts of ENSO years? Why do small mammals not exert stronger effects on the plant community? What limits the numbers of some small-mammal species not affected by our predator exclusions? These and other questions suggest that other consumers of the community besides small mammals and higher vertebrate predators need attention; we have identified birds, lizards, and insects as important candidates. Birds are important seed (and perhaps insect) consumers and may have a much greater impact on the plant community than do mammals. Initial work on lizards suggests that they are important insect consumers; one larger species, the dwarf tegu (Callopistes paluma), is an important predator of other lizards (e.g., four species of Liolaemus) and of smaller rodents such as Ak. olivaceus (Minn 2002 and non-ENSO years and between the focal community and peripheral potential source habitats. We emphasize that long-term studies with experimental manipulations at large spatial scales have been essential to arriving at this stage in our understanding of the Fray Jorge system. Without such studies, it would be difficult or impossible to disentangle the role of biotic and abiotic factors, particularly in systems in which periodic environmental events such as ENSOs have dramatic consequences for the demography and persistence of faunal and floral elements. Surveys conducted at isolated points in time and space do not enable direct testing of the relative importance of biotic versus abiotic factors, although such temporal "snapshots" may provide valuable insights (e.g., Fox 1995 , Kelt et al. 1996 . Studies lacking experimental manipulations are inadequate to identify the specific role of interspecific interactions such as predation, competition, herbivory, and granivory. Further, our work has identified the importance of large-scale spatial processes within the habitat mosaic that contribute to local dynamics.
Our results indicate that there is no prevailing paradigm of exclusive top-down or bottom-up control; thus, both are probably important. We are left with a basic question: Are there fundamental, deterministic rules governing the structure and assembly of ecological communities? There may indeed be some trenchant patterns in the community at our site, although further work on additional components (e.g., birds, lizards, insects) is needed to evaluate their roles. Nonetheless, patterns observed in north-central Chile are markedly and importantly different from those reported in Arizona, suggesting that historical and ecological contingencies may be at least as important as contemporary dynamics to understanding global patterns in the role of biotic versus abiotic, or top-down versus bottom-up, factors in arid ecosystems. Although further research is needed before we can understand the crucial differences that characterize arid and semiarid regions worldwide, this is an exciting time to be involved in community ecology.
